The presence of the multi-site damage (MSD) 
Introduction
One of the typical damage in an aircraft structure is a fatigue crack. The fatigue cracks very often initiate at rivet holes. Rivets are widely used for fastening skin to ribs and stringers. According to detailed investigations fatigue crack usually starts from a rivet hole under a rivet head. In the initial stage the crack is difficult to detect because it is hidden by the rivet head and its propagation is faster on the inner side of a skin in a multilayer lap joint. The presence of a single crack in the lap joint is not dangerous damage. The typical lap joint consists of multiple rivet rows. Thus load can be transferred by a sufficient number of rivets. Even in case of one row the crack is safe because the force taken by the rivet with the crack decreases if the crack enlarges.
However, the highly dangerous are cracks at several followed rivets. They are an example of multi-site damage (MSD). The MSD is defined as the simultaneous occurrence of many small fatigue cracks at multiple locations in a structural component. They are of sufficient size and density whereby the structure will no longer meet its damage tolerance requirement. For riveted lap joints, short cracks on two sides of rivet holes are a typical form of the MSD. These cracks can link up and lead to the widespread fatigue damage (WFD) and its possible catastrophic result.
In figure 1 the example of WFD as a final result of MSD is presented. The example is taken from [12] . The presence of the crack in the riveted lap joint does not mean that service life of the aircraft should be terminated. According to fracture mechanics, the crack would propagate at some finite speed for some time unless the crack length reaches some critical value. The crack speed and its direction depend on several factors, e.g. the geometry, material characteristics and load spectra. Cracks longer than the critical length a c for some specific stress distribution propagate rapidly, which finally results in damage to the structure. The maximum load capacity which can be sustained by the damaged structure is called residual strength thereof.
Investigation of the residual strength of aircraft structures was the main objective of many research projects. Special attention was paid to research to determine the effect of the Multiple-Site Damage (MSD) phenomenon upon the residual strength.
There are many and various types of riveted lap joints in aircraft structures. Taking into account possible crack configurations and possible scenarios of crack propagation may lead to the following conclusion: almost each crack found at the above-indicated location should be analyzed individually. Numerical simulation by means of the FE technique proves a suitable tool for such analysis. For such numerical simulations new crack criterion was developed and implemented. The CTOA criterion bases on the assumption that a crack does not propagate rapidly if the crack-tip opening angle is lower than the critical one (CTOA C ). The CTOA is measured at some distance behind the crack tip. This distance is not strictly set up; it is usually between 1 and 4 mm.
The critical value of the angle is only one parameter in this criterion. The CTOA criterion was successfully applied to calculate the residual strength of cracked lap joints [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Most of presented results were obtained using the FRAC3D pre-processor and the STAGS software as a FE solver. Unfortunately the distribution of the STAGS software is limited to the US citizens only. In the paper [9] the algorithm of the implementation of the CTOA criterion in the commercial FE solver -MSC.Marc was described. The MSC.Marc enables user to control the FE calculation process by means of user-defined subroutines [11] .
The verification of the CTOA criterion implementation
The verification of the algorithm proposed in [9] was carried out for a test example. The well documented example was described in [3] . This example consists of the experimental test result and result of the numerical simulation. The original calculations was performed using FRANC3D and STAGS codes. The current calculation was carried out using the MSC.Marc solver with a user-defined subroutine which follows the algorithm presented in [9] . An original unit system was chosen to facilitate a comparison of results. The object of the test was a middle tension (MT) specimen. The scheme of the MT specimen is presented in figure 3 . Material models for both simulations (the present and the described in [3] ) were the same -the 2024-T3 aluminum (E=10350 ksi, ν=0.3). A piecewise linear representation was used for the uniaxial stress-strain curve (tab. 1). The von Mises yield criterion and the small strain assumption were used to capture the active plastic zone and the plastic wake during stable crack propagation.
The FE model consisted of about 4600 shell finite elements. Each node had six degree of freedom. Out-of-plane displacements were suppressed. The symmetry of the model was taken into account and a half of the specimen was modeled. Elements on the crack line were the same size as those from the original model (the element edge length was 0.04 in.). The meshes on the both models (current and original) were different because the original mesh was inaccessible. The load was applied by displacement control of nodes on the upper edge of the model while the displacement of nodes on the button edge was suspended. The change in stiffness of nodal links (multi-point constrains) was introduced when the crack tip opening angle reached the value grater than CTOA C =5.25 0 . Figure 4 shows the crack-tip-surrounding area in two successive iterations: before and after the node release. Comparisons between numerical results and experimental measurements for the applied stress versus half crack extension are shown in figure 5 . The maximum at figure 5 corresponds with the residual strength (the maximum load transferred by the specimen). Results of predicted residual strength are comparable to experimental measurements. The differences between both numerical results could be caused by:
-the difference in mesh on both models, -the difference in load steps.
In spite of the small differences between the results presented in figure 5 the proposed algorithm of performing numerical simulation using the MSC.Marc software could be recognized as verified because obtained results are comparable with those presented in [3] . 
Numerical investigation of the influence of the MSD crack size on the residual strength
The presence of the MSD cracks can diminish the residual strength. In this chapter the results of numerical investigation of the influence of the MSD crack size on the residual strength are presented. The calculations were carried out using the CTOA criterion implemented in the MSC.Marc software. The subject of the analysis was the fragment of an aircraft skin. The FE model is presented in figure 6 and its dimensions are shown in table 2. The model consists of six rivet holes. The MSD cracks were presented on both sides of every holes along the rivet line. The element size varied from 0.1 mm at the crack line up to 20 mm. The material model was the same as in the calculations presented in section 2 (tab.1) but the unit system was SI.
The load was controlled by displacements of the bottom and the upper edges of the model.
The analysis was carried out for two crack scenarios:
-MSD cracks without a leading crack, -MSD cracks with a leading crack. The influence of the MSD size on the residual strength was investigated using the FE model presented in figure 6 . The analysis consists of a number of simulations performed for various initial MSD crack sizes. All MSD cracks in the model had the same initial crack size. In figure 7 the summary results of these calculations are presented. On the x-axis the initial MSD crack size d MSD , normalized to the half distance between the rivet holes (d rivet ) (2), is shown while on the y-axis the corresponding residual strength is marked. For the model used in this study the distance between the rivet holes was d rivet =24 [mm] . The residual strength presented in the figure 7 is expressed as the maximum force during the one simulation normalized to the maximum force obtained for the model with the initial MSD cracks length d = 0.125 [mm] (1) (the smallest value used in the calculations). 
where: F max -the maximum of load for one simulation, 
where: dMSD -the initial size of MSD cracks, d rivet -the distance between rivet holes. The second analyzed crack scenario was the presence a leading crack beside of the MSD cracks. The leading crack was a crack with the initial crack length far larger than the size of the MSD cracks. Calculations were performed for three sizes of the leading crack length lc = 48, 96 and 144 [mm] . Distinct from the model used for calculations described in the chapter 3.1. for calculations with a leading crack, the symmetry of the model was applied therefore the real wideness of the specimen was two times larger than that presented in table 1. Also the leading 
Findings
The results of the numerical simulation presented in figure 8 fit to a straight line. The largest deviation has the first point. It can be supposed that the residual strength for very short cracks tends to the ultimate tensile strength of the specimen without MSD cracks. The calculations for MSD cracks shorter than 0.125 mm have not been performed due to:
-ineffectiveness of the CTOA criterion for very short cracks (especially for not-through-cracks); -presence of a residual stress in the vicinity of a rivet hole; -ineffectiveness of shell finite elements for such simulations.
In the case when a leading crack is presented the residual strength depends on its size and the size of MSD cracks. The influence of the leading crack size decreases when the size of the MSD cracks increases. For the MSD crack size dn = 0.74 (normalized) the size of the leading crack does not affect the residual strength of the specimen (see point P in figure 8 ). In this case the residual strength is determined by the MSD crack size only.
The presence of MSD cracks in a structure leads to the significant drop of its residual strength. For the examined cases the MSD cracks can reduce the residual strength up to 70% of its value. The residual strength calculated for the initial crack length d MSD =0.125 [mm] was set as a reference level. The ultimate tensile strength of the specimen without MSD crack is higher.
The object of presented simulations was loaded by forces acting at both sides of the model. There were no forces at rivet holes. In this study the holes cause an increase in stress level. In the future work the influence of MSD cracks on residual strength for specimens loaded through rivet holes are going to be studied.
